Clearance of intrapulmonary mucus by the high-velocity airflow generated by cough is the major rescue clearance mechanism in subjects with mucoobstructive diseases and failed cilial-dependent mucus clearance, e.g., subjects with cystic fibrosis (CF) or chronic obstructive pulmonary disease (COPD). Previous studies have investigated the mechanical forces generated at airway surfaces by cough but have not considered the effects of mucus biophysical properties on cough efficacy. Theoretically, mucus can be cleared by cough from the lung by an adhesive failure, i.e., breaking mucus-cell surface adhesive bonds and/or by cohesive failure, i.e., directly fracturing mucus. Utilizing peel-testing technologies, mucusepithelial surface adhesive and mucus cohesive strengths were measured. Because both mucus concentration and pH have been reported to alter mucus biophysical properties in disease, the effects of mucus concentration and pH on adhesion and cohesion were compared. Both adhesive and cohesive strengths depended on mucus concentration, but neither on physiologically relevant changes in pH nor bicarbonate concentration. Mucus from bronchial epithelial cultures and patient sputum samples exhibited similar adhesive and cohesive properties. Notably, the magnitudes of both adhesive and cohesive strength exhibited similar velocity and concentration dependencies, suggesting that viscous dissipation of energy within mucus during cough determines the efficiency of cough clearance of diseased, hyperconcentrated, mucus. Calculations of airflowinduced shear forces on airway mucus related to mucus concentration predicted substantially reduced cough clearance in small versus large airways. Studies designed to improve cough clearance in subjects with mucoobstructive diseases identified reductions of mucus concentration and viscous dissipation as key therapeutic strategies.
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airway physiology | lung disease | mucus clearance | cough | cystic fibrosis T he pulmonary mucus clearance system represents a key innate host defense system that has evolved to protect the lung from inhaled pathogens and particulates. A principal component of the mucus clearance system is the mucin-rich mucus layer that is responsible for binding inhaled foreign materials and pathogens. In health, the mucus layer is a viscoelastic reversible gel, composed of: (i) ∼1.1% (0.01 g/mL) organic content, including ∼0.5 wt % mucins and ∼0.6% globular proteins; (ii) 0.9% salt; and (iii) 98% water (1) . Upon release into this dilute (watery) milieu, the mucin oligomers, which are stored in intracellular granules as compact (∼350 nm diameter) structures, swell and unfold into the linear strands which form the structure of transportable airway mucus (2, 3) . Consequently, efficient ciliadependent mucus clearance in health requires a balance of ion and water transport, mucin secretion, and ciliary beat.
Progress in understanding how cilia-dependent mucus transport is successful in health and how it fails in disease, producing intrapulmonary mucus accumulation, has emerged from a novel description of the mucus transport system (4) . This "gel-on-brush" model describes how concentration-dependent osmotic moduli distribute water between the mucus layer and the periciliary layer (PCL). In diseases like cystic fibrosis (CF), abnormal ion transport produces a liquid-depleted airway surface (5) with a more concentrated than normal mucus, increasing from 0.01 g/mL organic content (2% solids) up to 0.2 g/mL organic content (21% solids), with the proportional (20-fold) increase in mucin concentration (6) . As a reflection of the increased mucus concentration in CF, the osmotic modulus of the mucus layer exceeds the osmotic modulus of the PCL, resulting in osmotic compression of the PCL by the mucus layer, failure of cilia-mediated clearance, and ultimately, mucus layer adherence to the airway surfaces (4). This scenario is consistent with reports of increased mucin concentrations in CF airway secretions and scanning EM images of mucus on the airways of lungs excised from CF patients (6, 7).
There has been less progress in understanding how cough can clear accumulated, typically hyperconcentrated mucus in disease. During the expiratory phase of cough, high-speed airflow results in momentum transfer to mucus accumulated on airway surfaces, propelling the mucus toward the larynx. Previous analyses of cough have focused on airflow/shear-induced flow of nonNewtonian mucus mimics (8, 9) or airway samples from patients with bronchiectasis in plastic tubes (10) . These studies demonstrated that increases in sample viscosity and elasticity produced slower airflow-mediated transport. However, to fully elucidate Significance Mucoobstructive lung diseases, including chronic obstructive pulmonary disease, asthma, and cystic fibrosis, are characterized by intrapulmonary accumulations of hyperconcentrated mucus. Ultimately, mucus accumulation in disease reflects the failure of the major rescue mucus clearance pathway, i.e., cough. Studies were performed to understand how abnormal mucus and its interactions with the cell surface produce a failure of cough clearance. These studies identified mucus concentration-dependent cohesive and adhesive properties, governed by mucus viscous energy dissipation, as rate limiting for the efficiency of cough clearance. Parallel studies designed to restore mucus cough clearability identified reduction of mucus concentration (rehydration) and use of mucolytics as additive and promising therapeutic strategies.
how accumulated mucus responds to cough-induced shear forces, it is necessary to understand the biophysical interactions between airway mucus and airway surfaces. We postulated that two mechanisms may participate in high-speed airflow removal of mucus from airway surfaces with cough: (i) "disadhesion," i.e., overcoming the "adhesive" interactions/bonds between mucus and the airway cell surface, whereby accumulated mucus is physically stripped off the airway surface; and (ii) "tearing," i.e., breaking mucus-mucus cohesive bonds, resulting in portions of mucus breaking off adherent mucus masses (Fig. 1) .
In this study, we investigated the properties of mucus that govern: (i) the adhesive strength of mucus to the cell surface; and (ii) mucus cohesive strength. Because of the conflicting notions favoring concentration versus pH in producing changes in the biophysical properties of mucus pertinent to cough efficiency, the roles of mucus concentration versus mucus pH/bicarbonate on adhesion and cohesion were compared (11) . These studies were performed using in vitro peel-test systems to directly measure the adhesive and cohesive forces of mucus produced by human bronchial epithelial (HBE) cultures from normal (i.e., nondiseased) and CF individuals and sputum from individuals with mucoobstructive lung disease. Finally, studies were performed to identify single or combination therapies that reduced the adhesive and/or cohesive forces of concentrated mucus, to improve mucus clearance in patients with mucoobstructive lung diseases.
Results
Concentration and Velocity Dependence of Mucus/PCL Adhesive Strength. Mucus adhesion strength (i.e., fracture toughness) is defined as the energy per unit area required to separate mucus from the PCL (Fig. 1) . Mucus-airway surface adhesive strength was assessed using a peel-testing device ( Fig. 2A) that measured the force required to "peel" the mucus layer off the surface of the epithelium of well-differentiated HBE cultures covered by an endogenous mucus layer (see SI Appendix for more details about this system).
The goal of these studies was to assess the effects of mucus concentration and peeling velocity on the strength of adhesion. To vary concentration, normal HBE cultures were generated with a wide range of mucus concentrations, spanning normal (2% solids, 0.01 g/mL organic content) to severe CF-like ranges (up to 21% solids, 0.2 g/mL organic content) (6, 12) . The peeling velocity is predicted to be important for adhesion because energy is dissipated both at the mucus/PCL interface and within the mucus layer as it deforms and ultimately separates from the PCL (13) . The higher the velocity of separation, the more energy must be dissipated. Here, studies were performed over a range of peeling velocities, from 10 to 5,000 μm/s, as the crack propagation velocity of mucus upon disadhesion will likely be considerably smaller than the airflow velocity, which can reach 300 m/s in the largest airways (14) . The magnitude of adhesive strength was both concentrationand velocity dependent (Fig. 2B) . (Fig. 3A) . This result demonstrates that adhesion strength was controlled by concentration and not by changes in either mucus pH or bicarbonate levels over the tested concentration ranges. Taken together, these data suggest that mucus concentration, and not pH/bicarbonate, is the dominant factor controlling mucus adhesion strength.
We next asked whether mucus produced by CF versus normal (non-CF) HBE cultures had properties other than increased concentration that made CF mucus more or less adherent to the cell surface. Accordingly, these experiments directly compared the adhesive strength of mucus produced by CF vs. non-CF airway cultures over a range of defined mucus concentrations. Both CF (red inverted triangles) and non-CF (black circles) cultures exhibited a similar concentration dependence on adhesion strength (Fig. 3B) . Collectively, these data demonstrate that there was no difference in the adhesive strength at the interfaces between CF and non-CF HBE mucus and their respective epithelial surfaces when compared at the same concentration over a range of mucus concentrations. However, as the mucus concentration is reported to be significantly higher in CF individuals, the magnitude of adhesive strength is predicted to be correspondingly higher in CF airways, compared with nondiseased individuals (6).
Concentration and Crack Propagation Velocity Dependence of
Cohesive Strength. As shown in Fig. 1 , the high-velocity airflow associated with cough may accelerate the clearance of accumulated, thickened mucus from airway surfaces by tearing discrete mucus masses off adherent mucus plaques. As part of this process, it is necessary to physically tear apart the mucin-mucin (and/or other protein-protein) bonds/associations that hold mucus together. The goal of these studies was to measure the magnitude of the cohesive strength of mucus and investigate the effect of mucus concentration and crack propagation velocity.
For cohesion studies, a modified version of the peel tester was used to measure the force required to tear mucus apart (Fig. 4A) . The cohesive strength of mucus was measured in a series of studies using mucus isolated from normal (non-CF) HBE cultures. As with adhesive strength, the cohesive strength of normal HBE mucus was dependent on the tearing velocity over a range of mucus concentrations spanning from normal (0.1 g/mL) to severe CF lung disease (0.11 g/mL) (Fig. 4B ). This result indicates that CF-like concentrated mucus will require more force to tear at all velocities compared with mucus at normal (nondiseased) concentrations. Of particular interest is that our data demonstrate that mucus adhesion and cohesion exhibited a similar dependence on mucus concentration, over a range spanning from normal to CF (Fig. 5A ).
An advantage of the cohesive peel tester is the ability to investigate the properties of samples derived in vivo. Consequently, potential CF-specific pH or other effects could be identified by comparison with sputum from subjects with other mucoobstructive lung diseases with normal cystic fibrosis transmembrane conductance regulator (CFTR) function. As a mucoobstructive disease control, samples from chronic obstructive pulmonary disease (COPD) subjects, who also produce sputum (expectorated mucus) with increased concentrations, were studied (15) . Importantly, measurements of the cohesive strength of sputum from subjects with a wide array of disease severity were included. CF and COPD sputum samples exhibited cohesive strengths that were strongly correlated with mucus concentration, but not disease type (Fig. 5B) .
Reduction of Adhesive and Cohesive Strength with Therapeutic
Agents. The finding that mucus adhesive and cohesive strengths increased with increased mucus concentration suggests that therapies directed at decreasing mucus concentration with agents which hydrate the airways would be effective in reducing adhesive/cohesive fracture toughness. Studies were performed to compare the effect of hydrating agents (i.e., saline) versus more classic mucolytic agents on the adhesive and cohesive strengths of mucus. To mimic in vivo delivery and minimize effects on concentration, each mucolytic compound was nebulized in small volumes (nl) onto the surface of normal HBE cultures (16) . Data in Fig. 6A demonstrate that the adhesive strength of concentrated HBE mucus (0.16 g/mL) was significantly reduced by the addition of saline to reduce mucus concentration by half (i.e., 0.08 g/mL). In addition to reducing concentration, we tested the hypothesis that reducing energy dissipation during mucus adhesive fracture at the mucus layer-cell surface interface would also be effective. One approach was to reduce mucin polymer length with a dithiol reducing agent [N-acetylcysteine (NAC), 100 mM]. NAC was quite effective in reducing adhesive strength of concentrated (0.16 g/mL final) mucus. As a second approach, we tested the hypothesis that disruption of mucin-mucin hydrophobic interactions and/or surface tension at the mucus layer-cell surface interface would reduce adhesive strength. A surfactant (Nonidet P-40, 0.01%) (17) produced a significant decrease in the adhesion strength of concentrated mucus (at 0.16 g/mL final). The relationships between adhesive strength (shown as the reciprocal), mucus concentration, therapeutic maneuvers, and improvement in cough clearance are depicted in Fig. 6B .
Similar studies were performed to characterize strategies to reduce mucus cohesive strength (Fig. 6 C and D) . In these studies, cohesive strength was measured before and after the addition of a surfactant (Nonidet P-40, 0.01% final) and a reducing agent (DTT, 20 mM final) in the absence of mucus concentration changes (i.e., all performed at the same 0.12-g/mL mucus concentration as the control). Both agents were effective in reducing the magnitude of mucus cohesive strength in the absence of a change in mucus concentration. To test the effect of mucus hydration, mucus concentration was reduced by half (from 0.12 to 0.06 g/mL) with the addition of saline. A substantial reduction in cohesion was observed with dilution, i.e., hydration. Finally, to test whether the cohesive strength of partially rehydrated mucus (at 0.06 g/mL) could be further reduced with the addition of reducing agents, studies were conducted with the combination of saline and DTT. The combination produced a further decrease in cohesion strength compared with saline alone.
Discussion
Cough constitutes an important backup mechanism to remove mucus from the lungs of subjects with lung disease. After acute or chronic accumulation of mucus in the lung, clearance of mucus by the high-velocity airflow associated with cough often becomes the sole mechanism for mucus clearance. Our model of cough (Fig. 1) suggests that there are at least two modes by which mucus can be cleared by cough from the lungs, including: (i) overcoming adhesive interactions between the mucus and cell surface to peel mucus off airway surfaces; and/or (ii) fracturing mucus itself, i.e., overcoming mucus cohesive interactions, to clear mucus in fragments.
The energy per unit area needed to separate mucus from the cell surface/PCL defines the adhesion strength (i.e., adhesive fracture toughness) of the mucus-PCL interface. The minimum energy needed to separate two surfaces in contact is called the work of adhesion (W a ), which defines the fracture toughness at zero velocity. In this study, we developed a peel-testing device capable of measuring the adhesive strength between the mucus layer and the cell surface. An important observation from our studies was that at normal mucus concentrations (∼0.01 g/mL, 2% total solids) the work of adhesion at zero velocity was only about three times the surface tension of mucus (18) . Therefore, despite mucus being characterized as "sticky," the low concentrations of mucins in the mucus layer in health produced only a small contribution to mucus-PCL adhesion above the water-water surface tension forces generated at the mucus-PCL layer interface. However, when mucus becomes more concentrated, as in CF, the strength of adhesion between mucus and the PCL increased. The simplest interpretation of these findings is that when mucus concentration and, hence, mucin concentration (6) is increased, additional connections between the mucus and cell surface produce an increase in adhesion strength.
A key variable that governed the magnitude of the mucus layer-cell surface adhesive strength was the rate by which the mucus layer was peeled off the epithelial surface. The higher the rate of peeling, i.e., peeling velocity, the greater the force required to separate the mucus from the airway surface. This higher force reflects the higher energy dissipation both at the crack and in the bulk mucus layer (19) . The dissipative component of fracture toughness (G v ) at a given crack propagation velocity (v) is proportional to the thermodynamic work of adhesion (W a ), reflecting the fact that the energy loss increases when the interface is stressed (20) . The dissipative component of the fracture toughness can be expressed as:
, where Γ is the fracture toughness and ϕ is a dimensionless function of crack propagation velocity (v) (21) . This function is often found to increase as a power of crack propagation velocity ϕ(v) ∼ v β (22) . Consistent with this notion, our data demonstrated that the adhesion strength was dependent not only on the concentration of mucus but also on peeling rate.
In addition to stripping mucus off the airway surface (i.e., disadhesion), we hypothesized that airflow might tear fragments off adherent mucus masses and carry them out of the airway to the larynx. This type of clearance requires that the force of airflow cohesively breaks mucus. Unlike disadhesion, this mode of failure results in the airway surface still being covered by a layer of adherent mucus. Like adhesion, there is a work of cohesion (W c ), which is the energy per unit area required to produce two new surfaces when a material is divided into two parts at very low crack propagation velocities.
To investigate cohesive failure in cough clearance, we measured the force required to pull mucus apart. The measured force per unit area required to tear mucus apart describes the cohesive strength of mucus. Our studies revealed that the cohesive strength of airway mucus was linearly dependent on the concentration of the mucus layer. As with adhesion, the cohesive strength of healthy mucus was found to be very low, i.e., slightly above twice the surface tension of mucus (18) . However, when HBE mucus became more concentrated, it became increasingly difficult to pull it apart. A similar cohesion-concentration relationship for sputum samples from CF and non-CF subjects was observed (Fig. 5B) , suggesting that concentration is the common variable dominating cohesive strength. Importantly, the mucus cohesive strength again was highly dependent on the rate of tearing. The faster the mucus was pulled, the harder it was to pull mucus apart, owing to the increase in energy dissipated at higher velocities.
An unexpected finding was that the adhesive and cohesive fracture toughness had similar dependencies on mucus concentration and peeling velocity (Fig. 5A ), suggesting that a common dominant mechanism controlled this mucus property. The magnitude of both adhesive and cohesive fracture toughness (Γ) and their dependence on mucus concentration (c) and crack propagation velocity (v) can be written as:
where γ is the surface tension of mucus (18) )](v/v o ) β , represents velocity-dependent viscous dissipation, which has been proposed to be related to the dynamic moduli of polymers (23) .
Since both adhesion and cohesion are dependent on the viscous dissipation, we conjectured that this term dominates at high velocities and produces the similar concentration and velocity dependencies in both adhesion and cohesion. To test this assumption, Eq. 1 was rearranged to the form:
and the term of (Γ − 2γ)/(2γc) for both adhesion and cohesion was plotted as a function of peel velocity (Fig. 7A ). Fitting the peeling velocity dependence of (Γ − 2γ)/(2γc) to a constant plus a power law (Eq. Therefore, in the range of concentrations employed in this study (0.01-0.19 g/mL), the work of adhesion (W a ) was similar to the work of cohesion (W c ). Importantly, the dynamic exponent (β) of the dissipative component of fracture toughness, G v ∼ ϕ(v) ∼ v β , obtained from the fits of adhesion and cohesion data were similar, i.e., within uncertainty of each other, and close to the exponent of the frequency dependence of the mucus loss modulus, G′′(ω) ∼ ω β . This result suggests that viscous dissipation represents the common major contributor to both adhesive and cohesive fracture toughness at high velocities, consistent with the dependence of both on crack propagation velocity (Fig. 7A) (13) . Since the work of adhesion and cohesion are similar and viscous dissipation within mucus in both adhesion and cohesion processes are also similar, both concentration and peel velocity dependencies of mucus adhesive and cohesive strengths were similar to each other. Notably, the observation that all mucus was removed from the airway surface in the peel assay suggests adhesive failure dominates in mucus expectoration during cough.
Studies of cohesive strength after treatment with mucolytics, such as the reducing agent DTT (Fig. 6C) , demonstrated that cohesive strength of mucus can be reduced without altering mucus concentration. To elucidate which properties of mucus as described in Eq. 1 were altered when mucus was treated with DTT, the cohesive strength of HBE mucus before and after reduction with DTT over a range of velocities was fitted to Eq. 2 (Fig. 7B ). When treated with DTT, the fit resulted in similar values of β (0.44 ± 0.12 for DTT vs. 0.43 ± 0.08 for control) and c o (0.51 ± 0.89 g/mL for DTT vs. 0.83 ± 0.52 g/mL for control). However, the term c o v o β was significantly different between the two groups, 38.8 ± 0.7 g/mL(m/s) 0.44 for DTT vs. 11.5 ± 0.6 g/mL(m/s) 0.43 for control. The interpretation of this finding is that treating mucus with DTT increased its relaxation rate (decreases its viscous dissipation) and, therefore, increased the characteristic velocity (v o ) at which fracture toughness became significant. This change of mucus properties in response to DTT was predictable, i.e., lower molecular weight mucins produced by reduction have shorter relaxation times and, thus, higher relaxation rates, consistent with the theory of entangled polymer solutions (24, 25) .
Cough efficiency is determined by both the forces applied to mucus by airflow and mucus-airway surface properties. During cough, air flows through the proximal airways at very high velocities (v air ), reaching hundreds of meters per second in large airways (14) . This high airflow velocity creates large shear stresses at the air-mucus interface and saturates at a value f ≈ 0.02-0.04 depending on the roughness of the mucus surface (28) . Accordingly, the shear stress at mucus surfaces reaches σ ≈ 100 Pa at high velocities, e.g., v air ≈ 100 m/s (airway generations 0-3), but shear stress is only σ ≈ 1 Pa, or even lower, for smaller cough velocities (v air ≈ 10 m/s) in smaller airways (generations >7) (27, 29) .
The effects of forces applied by airflow to mucus to produce expectoration also require analyses of mucus mass (height). The force per unit length applied on adherent mucus of thickness (L) on an airway surface is proportional to the product of L and surface shear stress. Thus, for shear stresses of σ ≈ 100 Pa, the force per unit length applied on mucus of height L ≈ 1 cm is ∼1.0 J/m 2 , while for a smaller accumulated mass of size L ≈ 1 mm, the force per unit length is ∼0.1 J/m 2 . The latter value is below the adhesive fracture toughness of mucus at any concentration (Figs. 2B and  4B) . Therefore, high airflow-induced stresses in larger airways would be capable of peeling off larger mucus accumulations with an L of ∼1 cm. This prediction is supported by the observation that the mass of sputum expectorated by cough in subjects with mucoobstructive lung disease averages ∼1 g (corresponding to the volume ∼1 cm 3 ) (30) . In contrast, in smaller airways (<2 mm, generations 7 and greater), mucus cannot reach a mass (height) that would permit shear stress forces to exceed adhesive fracture toughness at any concentration. This prediction is consistent with a recent study by Dunican et al. (31) demonstrating a failure of distal airways to clear adherent mucus plugs over time in subjects with severe asthma.
Our studies were designed to also ask whether reported CFTRmediated defects in HCO 3 − secretion/airway surface acidification (11) produced abnormalities in mucus adhesive/cohesive properties in addition to, or instead of, changes in mucus concentration. Specifically, studies were performed to investigate whether decreases in mucus bicarbonate and/or pH resulted in the production of a mucus that was more adherent to the cell surface. Studies of non-CF HBE cultures, in which mucus was produced in the presence or absence of bicarbonate, coupled with comparisons to CF cultures, demonstrated that neither low airway surface bicarbonate concentration, lower pH, nor potentially altered mucin glycosylation patterns (32) contributed to the adhesive interactions of the mucus layer to the PCL. These findings are consistent with recent data suggesting that pH/bicarbonate had little effect on the viscoelastic properties of airway mucus, whereas concentration effects were large (33) .
Notably, our analyses of the adhesive/cohesive properties of HBE mucus in vitro appear relevant to studies of sputum produced by patients. CF sputum exhibited a concentration dependence of cohesion similar to that predicted from HBE mucus studies. Sputum was also obtained from subjects with COPD, another mucoobstructive lung disease with high mucus/sputum mucin concentrations (15) . Like CF, COPD mucus cohesive properties were highly correlated with mucus concentration (Fig. 5A) .
One of the goals of therapeutics for mucoobstructive lung diseases is to mobilize nonclearable mucus from the surfaces of the lung. Our data suggest that use of mucus hydrators, such as saline or hypertonic saline, to reduce the concentration of the mucus represents the simplest way to reduce adhesive and cohesive forces. However, our studies also suggest that reducing agents and surfactants that break or disrupt interactions that contribute to the viscous dissipation in mucus may also provide significant benefit to patients interdependent of mucus concentration. Indeed, our data demonstrate that hydration and mucolytics exhibit additive activities on mucus adhesion and cohesion strength and suggest that combination therapies may be most effective.
In summary, a common property of mucus, i.e., viscous dissipation, dominates the adhesive and cohesive properties that govern the efficiency of cough clearance. Both adhesive and cohesive strengths were strongly correlated with changes in mucus concentration but not pH. Analyses of airflow shear forces juxtaposed to mucus properties predict that disease-like hyperconcentrated mucus cannot be coughed out of small airways and clearance from large airways requires high airflows/shear applied to an accumulation of relatively large masses (1 cm 3 ) of mucus. The concentration dependence of cohesive and adhesive properties of mucus suggests that the failure to effectively clear the lung of accumulated mucus by cough in CF reflects a concentration-, not pH-, dependent airway surface defect. Restoration of cough efficacy may be most effectively provided by restoring mucus concentrations to normal ranges with hydrating agents coupled with viscosity-lowering agents.
Materials and Methods
Primary Cell Culture. HBE cells from normal donors and CF patients were obtained from the University of North Carolina Cystic Fibrosis Tissue Culture Core under the auspices of protocols approved by the UNC Institutional Review Board using previously reported methodologies (34) .
Adhesion Peel Test. To measure the adhesion between the mucus and PCL layers exhibited by cell cultures, a peel-test system (35) was constructed ( Fig.  2A) . To peel the mucus layer from the underlying epithelial layer, a laser-cut 0.3 × 7.0-mm porous cellulose mesh (Kimberly Clark) was UV sterilized and carefully positioned on the apical surface of HBE cultures with endogenous followed by incubation for 12-16 h within a tissue culture incubator (see SI Appendix for additional details).
Cohesion Peel Test. The cohesive strength of mucus was measured in a device similar to that used to measure adhesive strength. Here, a thin layer of mucus was positioned between two laser-cut peel meshes; one (0.5 × 15.0 mm) was connected to the force sensor and the other (0.7 × 18 mm) was affixed to the bottom of a glass recording chamber via double-sided medical tape (#1522; 3M) (Fig. 4A) . Mucus samples were incubated for 15 min before peeling. (The calibration procedures for both adhesion and cohesion assays are described in the SI Appendix).
Mucus Harvesting. Mucus for the cohesion peel experiments was harvested from well-differentiated non-CF HBE cultures as previously described (36) . Briefly, a large number of HBE cultures (between 24 and 96) were allowed to accumulate mucus for up to 4 wk. On the day of the cohesive measurements, the mucus was lavaged by incubating the apical surface with a small volume of saline (50 μl/cm 2 ) for 30 min at 37°C. Mucus samples were then carefully removed from the culture using a positive-displacement pipetter (Gilson) and pooled. The dilute mucus samples were pooled and spin-concentrated (Ultra 10K; Amicon) at 4,000 g (4°C) to the desired mucus concentration. Mucus concentration at each step was determined as previously described (37) . In these studies, mucus samples were used on the same day as prepared and never frozen.
Sputum Collection. Spontaneous sputum samples were collected as detailed previously (6) . Approval was received from the UNC Institutional Review Board for use of excess human tissue specimens for studies described here. Samples from anonymized donors with CF and COPD were collected on ice and assayed on the day of collection.
Delivery of Test Agents. In studies measuring mucus adhesion of endogenous mucus, each test solution (DTT, NAC at 10× stocks in PBS) was nebulized to the luminal surface of HBE cultures using a specially modified ultrasonic nebulizer (38) (Aeroneb Pro; Aerogen) at a rate of ∼200 nl/min. The volume of nebulization (hence delivery time) was 100 nl drug/μl mucus, which was estimated by XZ-confocal microscopy in parallel cultures (39) . For the cohesion studies, 1 μl of each agent (100× stock) was added directly to 100 μl of mucus and mixed for 15 s by careful stirring, avoiding shearing and bubble formation.
Statistics. The means were analyzed using ANOVA for multiple comparisons. Two-tailed Student's t tests were used for analyzing all other experiments. A two-tailed z test was used to compare the linear fits of two populations of data. Sigma Plot (Systat) was used was used for all analysis. A P value less than 0.05 was considered significant for all statistical analysis.
